In tissue culture models of chronic human immunodeficiency virus type 1 (HIV-1) infection, cytokines such as tumor necrosis factor alpha (TNF-␣) activate viral gene expression. We sought evidence that TNF-␣ might similarly regulate viral gene expression in vivo in the major lymphoid tissue (LT) reservoir. We used in situ hybridization, quantitative image analysis, and double-label techniques to compare cytokine and HIV-1 RNA levels in sections of tonsil and lymph node tissues obtained from individuals in early and later stages of HIV-1 infection. The levels of TNF-␣ gene expression in LT from HIV-1-infected and uninfected individuals were indistinguishable, and we found no correlation between TNF-␣ gene expression in LT and the level of HIV-1 gene expression in LT. There is thus little evidence that in vivo TNF-␣ significantly influences HIV production in LT.
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In chronically infected cell lines of monocyte-macrophage or T-cell origin, human immunodeficiency virus type 1 (HIV-1) gene expression is upregulated by cytokines such as tumor necrosis factor alpha (TNF-␣) in autocrine and paracrine pathways that are independent of but synergistic with antigenic stimulation (2, 7, 11) . By extrapolation, these findings have supported a model of virus production in vivo in which recurring antigenic stimulation and the concomitant elaboration of cytokines activate viral gene expression in the large number of cells in lymphoid tissues (LT) that harbor the HIV provirus in a transcriptionally silent state (4) (5) (6) 12) . Moreover, because most HIV is produced in a dynamic process of continuous cycles of viral infection (10, 13, 14) , antigenic stimulation and cytokines might also be essential to activate the cells to a state in which they can support viral replication. We therefore decided to investigate relationships between HIV gene expression and TNF-␣ in LT.
Quantitation of viral and cytokine gene expression. We evaluated levels of TNF-␣ RNA in cells and LT of HIV-1-uninfected individuals and compared these levels to those in infected individuals by quantitative image analysis (QIA) (9) and in situ hybridization (8) . We also used these techniques and double-label in situ hybridization (1) to determine spatial and quantitative relationships between levels of TNF-␣ and intracellular concentrations of HIV-1 RNA. To quantitate TNF-␣ RNA levels, tissue sections were hybridized to a TNF-␣ RNA probe labelled with digoxigenin. Tissue sections were sequentially immersed in HCl, triethanolamine, and proteinase K to enhance diffusion of the probe, dehydrated through graded ethanols, and acetylated to reduce the background as previously described (8) . After dehydration, the sections were hybridized to sense or antisense digoxigenin-labelled TNF-␣-specific probes (purchased from Lofstrand Labs Limited, Gaithersburg, Md.) at 14.5 ng/ml of a hybridization mixture containing 10% dextran sulfate, 0.6 M NaCl, and 50% formamide. After hybridization at 45°C for 16 h, the sections were washed in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 42°C for 30 min, in 2ϫ SSC in 50% formamide at 60°C for 20 min, and in a riboprobe wash buffer (RWB) containing 0.1 M Tris HCl (pH 7.4), 0.4 M NaCl, 0.05 M EDTA (pH 8.0) (37°C for 10 min). Sections were subsequently digested with RNases A (25 g/ml) and T 1 (25 U/ml) in RWB for 30 min at 37°C. After being washed in RWB, 2ϫ SSC, and 0.1ϫ SSC, sections were reacted with 2% horse serum in 0.15 M NaCl-0.1 M Tris HCl (pH 7.4) to block nonspecific binding of the alkaline phosphatase-conjugated sheep antibody to digoxigenin (1:500 dilution), which was added next. After reaction for 60 min with the antibody, the sections were again washed. Hybridization of the probe was detected immunohistochemically with 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (340 g/ml) and nitroblue tetrazolium (170 g/ml) substrate (1 h, 20 min). Sections were counterstained with nuclear fast red stain and examined.
Deeply stained cells with TNF-␣ mRNA are shown in Fig.  1A . For QIA, we used a Metamorph computer program in which objects to be measured are (i) highlighted in red by setting a threshold value for staining intensity that discriminates the TNF-␣ mRNA signal from the background (Fig. 1B) or (ii) equivalent to the background in sections hybridized to sense TNF-␣ probes. The area (in square pixels) of the red objects is then measured. Since the TNF-␣ signal is distributed over both portions of cells and individual cells in any section, we expressed the cellular TNF-␣ RNA level as a percentage of the area of the section, which was determined with the Metamorph calibration tool.
TNF-␣ mRNA levels do not correlate with HIV-1 interaction or with viral gene expression. We found no difference between TNF-␣ RNA levels in cells in normal tonsillar tissue obtained from five HIV-1-seronegative volunteers and tonsillar tissue obtained from seven asymptomatic HIV-infected individuals (Table 1 ; P Ͼ 0.05, Student's t test). There was also no correlation between TNF-␣ gene expression and CD4
ϩ T-cell counts in blood (P ϭ 0.660, Spearman rank order correlation).
To analyze the relationship between TNF-␣ levels and HIV-1 productive infection, we compared the levels of TNF-␣ with the frequency and the mean number of copies of HIV RNA per mononuclear cell (MNC) (CD4 ϩ T lymphocytes and monocytes-macrophages) in LT with the highest concentrations of HIV RNA (Ͼ20 to Ն200 copies/cell; Table 2 ). We determined the number of copies of HIV-1 RNA per cell by QIA and in situ hybridization with 35 S-labelled, HIV-1-specific riboprobes as previously described (9) . In brief, the sections were pretreated and acetylated by following the procedures described for the digoxigenin probes and then hybridized to 10 5 cpm of a 35 S-labelled specific riboprobe collection that anneals to about 90% of the sequences in the HIV-1 RNA genome. The hybridization mixture contained 100 mM dithiothreitol in addition to the components described for the digoxigenin probe, and hybridizations were done at 45°C for 24 h. Sections were subsequently washed, coated with nuclear track emulsion, dried, exposed at 4°C for 24 h, and stained for 1 min in Wright's stain. The sections were illuminated with epipolarized light, and video images of infected cells with Ն50 silver grains (corresponding to 20 copies of HIV-1 RNA) over the background were captured with a charge-coupled device camera. The area in square pixels of the silver grains overlying infected cells was measured with the Metamorph software program and converted to grain counts by using a predetermined standard area of a silver grain. The number of copies of HIV-1 was then back calculated from grain counts as previously validated (9) .
There was no significant correlation between TNF-␣ levels a The levels of TNF-␣ mRNA in 8-m-thick sections of tonsillar biopsies obtained from five healthy volunteers were compared with levels in tonsil in biopsies of seven HIV-1-infected individuals. At least three sequential sections distributed throughout the biopsy were quantitated in triplicate. and either the frequency or the level of HIV-1 gene expression. The dissociation is particularly evident at the extremes, for example, in patient 2, with high levels of TNF-␣ mRNA and a low frequency of MNCs with Ͼ20 copies of HIV-1 RNA, and patient 15, with the lowest levels of TNF-␣ in LT and Ͼ10 4 cells/g of LTs with high levels of HIV intracellular RNA (Table  2) . We also found no evidence of autocrine or paracrine pathways of activation of viral gene expression by combined detection of TNF-␣ mRNA and HIV-1 RNA in cells in the same section. We did not find cells in which cytokine and viral mRNAs were coexpressed. These double-label experiments are illustrated in Fig. 1C and D , where the hybridization signal generated by the digoxigenin-labelled probe for TNF-␣ did not colocalize with the signal from the 35 S-labelled, HIV-1-specific probe. Moreover, less than 30% of the MNCs with Ͼ20 copies of HIV-1 RNA were adjacent or close to cells with detectable TNF-␣ mRNA.
We have shown in this report that in contrast to the activation of viral gene expression by the cytokine TNF-␣ in chronically infected cell cultures (2, 7, 11) , HIV-1 gene expression in vivo in LT is not directly correlated with high levels of TNF-␣ gene expression. These findings suggest that in vivo TNF-␣ is not critical for production of HIV-1 in LT. This conclusion is further supported indirectly by the evidence that most of the virus in the circulation is produced by continuing cycles of infection (10, 13, 14) rather than by induction of gene expression in latently infected cells and more directly by documentation of this dynamic process in LT (3) . Quantitative singlecell methods for analysis of virus-host cell interactions in tissues have provided and will continue to provide opportunities to better understand the regulation of HIV-1 gene expression in vivo and to test the validity and applicability of in vitro models to pathogenesis and therapeutic strategies.
Our analysis does not exclude the possibility that TNF-␣ and other cytokines, such as interleukins 6 and 1, are required in earlier stages of infection to activate cells to a permissive state for replication or upregulate expression of early viral RNAs, such as tat and rev RNAs, that would not have been detected with the probes used in these studies.
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